An intensive partide monitoring study was conducted in homes in the Boston, Massachusetts, area during the winter and summer of 1996 in an effort to characterize sources of indoor particles. As part of this study, continuous particle size and mass concentration data were collected in four single-family homes, with each home monitored for one or two 6-day periods Additionally, housing activity and air exchange rate data were collected. Cooking, cleaning, and the movement of people were identified as the-most important indoor partide sources in these homes. These sources contributed significantly both to indoor concentrations (indoor-udoor ratios varied between 2 and 33) and to altered indoor particle size distributions. Cooking, including broiling/baking, toasting, and barbecuing contributed primarily to particulate matter with physical diameters between 0.02 an0d 0. (002)5) and PM(07 O) Air exchan rates ranged between 0.12 and 24.3 exchanges/hr and had significant impact on indoor particle levels and size distributions. Low air exchange rates (.c 1 change/hr) resulted in longer air residence times and more time for pcle concentrations from indoor sources to increase. When air exchange rates were higher (> 1 exchange/hi), the impact of indoor sources was less pronounced, as indoor partide concentrations tracked outdoor levels more closely. Key wordk air excange rate, ambient concentrations, indoor partide sources, partide size distributions, partide decay. Environ Healtb Perspect 108: [35] [36] [37] [38] [39] [40] [41] [42] [43][44] 
Over the past several years, expanding evidence demonstrating an association between ambient particles and health effects has produced increased interest in indoor exposures to particles (1) (2) (3) (4) (5) (6) (7) (8) . This evidence is coupled with the understanding that exposures to particles occur indoors, where people spend the majority of their time (9) . Numerous factors affect indoor particle concentrations including outdoor particles that penetrate indoors, indoor activities that generate particles, deposition of particles, and air exchange rates. Previous studies show that 60-75% of outdoor particulate matter < 2.5 pm in aerodynamic diameter (PM2.5) and 65% of outdoor particulate matter < 10 pm in aerodynamic diameter (PM1O) effectively penetrate indoors (10) (11) (12) . Cooking, cleaning, and the movement of people are important sources. The Particle Total Exposure Assessment Methodology (PTEAM) study estimated that 25% of both indoor PM2 5 and indoor PMIO are attributable to cooking inside the home (11, 12) . Cleaning and the movement of people doubled the concentrations of particles between 5 and 10 pm (13) . The rate that particles are deposited onto indoor surfaces can affect indoor concentrations; deposition rates are higher for ultrafine and coarse particles (14) . Penetration, source emission, and deposition rates all vary depending on particle size, with size being the principal factor governing particle behavior (14, 15) .
Few studies, however, have characterized indoor particle size distributions. There are relatively little data on the size distribution of indoor aerosols and on the contribution of sources to the overall character of indoor particles. For instance, previous studies typically measured particle concentrations using relatively long sampling periods (12 hr to 1 week) that may not have captured the variability in indoor concentrations (10, 11, (16) (17) (18) , partic- ularly as it relates to partide-generating activities, which occur in time increments on the order of minutes to several hours. Kamens et al. (19) determined that cooking was the most significant source of small particles (< 2.5 pm), whereas sweeping was the dominant source of large partides (> 10 pm). Thatcher and Layton (13) , who measured partide size distributions in 1-min intervals, found that deposition and resuspension were significant factors affecting indoor particle concentrations, with deposition and resuspension rates increasing with particle size. Penetration rates were near one for all particles, indicating that the building shell is not effective at removing particles (11) (12) (13) . To further characterize sources and sinks of indoor particles and their size distributions, a comprehensive indoor particle study was conducted in the Boston, Massachusetts, area during the winter and summer of 1996. As part of this study, indoor and outdoor real-time particle concentration and size measurements were made inside and outside four homes using the scanning mobility particle sizer (SMPS) and the aerodynamic particle sizer (APS). Information on activities occurring in the homes was recorded by study participants. Continuous particle mass and integrated measurements, along with air exchange rate data, were collected. This study design provides a unique method to examine the variability in indoor particle size and concentrations-variability that previously may have been masked by the use of integrated measurements.
Methods
The study was conducted in four nonsmoking households located in the metropolitan Boston area. Two of the homes (home WS1 and home S2) were in Swampscott, a town by the ocean, approximately 26 .5 km northeast of Boston . Home WS2 was in Manchester, about 20.4 km northeast of Swampscott, and home SI was in Wellesley, a suburb 21.1 km west of Boston. The homes were selected for particle monitoring based on particle-generating activities, including cooking and cleaning, and on the presence of children and adults during daytime hours.
Monitoring plan. Monitoring was conducted for one or two 6-day periods in each home. Two homes were sampled during the winter and summer (home WS1, 30 March-4 April and [13] [14] [15] [16] [17] [18] June and home WS2, [10] [11] [12] [13] [14] [15] [16] April and 15-21 May), whereas set of sampling instruments (Figure 1 ). The
The sampling manifold was specifically two homes were sampled in the summer only sampling manifold contained two horizontal designed for use with the SMPS (TSI model (home Si, 29 May-4 June and home S2, arm extensions with electronically controlled 3934; TSI, Inc., St. Paul, MN) comprised of 6-11 June). During each 6-day period, ball valves. One arm extended through the an electrostatic classifier (TSI model 3071A) indoor and outdoor particle size and indoor window of the home; the other protruded and the condensation particle counter PMIO measurements were made every 5 min into the room to sample indoor air. The mir-(CPC) (TSI model 3022a), and also the within the home, while integrated indoor and ror-image structure was designed to ensure aerodynamic particle sizer (APS) (TSI model outdoor PM1O and PM2.5 measurements were that any particle losses would be identical for 3310A). Both instruments measure particle collected for 12-hr daytime (0800-2000 hr) both indoor and outdoor air. The ball valves count concentrations by size. The SMPS and nighttime (2000-0800 hr) periods. Air allowed air to be alternately sampled from measures particles between 0.02 to 0.5 pm exchange rates were measured continuously.
either the indoor or outdoor environments. and the APS measures particles from 0.7 to Information on housing characteristics and Air was pulled through the manifold at a sam-10 pm. Sampling inlets of the SMPS and activities was also recorded.
pling rate of 41.5 L/min. Indoor air was sam-APS were placed on the manifold (Figure 1 ). All continuous monitoring equipment pled for three consecutive 5-min periods, folThe SMPS sampled air from the port labeled was placed in a single indoor location adjalowed by one 5-min period where outdoor air "SMPS polydisperse inlet" and the APS samcent to areas of the home where the majority was sampled. (25, 26) . Mass concentration was not determined because particle density was not known. Additionally, we used the TSI software (25) to correct the SMPS data for multiple charges, a condition that occurs when particles with multiple charges are sized as if they have only one charge, and thus are classified as smaller than their actual particle diameter (27) . Similarly, APS data were corrected for coincidence, which occurs when particles are erroneously counted by the detector of the instrument (28) (29) (30) Gelman Sciences, Inc., Ann Arbor, MI). APS data were corrected for particle losses using the regression equation (SE in parentheses) % particle loss = 2.11(1.29) + 2.57(0.29) x (particle diameter in micrometers), where particle loss was the difference in particle concentrations of the upstream and downstream filters. Based on particle count concentrations measured in room air using the CPC upstream and downstream of the manifold, no losses were found for ultrafine particles.
Data analysis. Data analyses were conducted using the Statistical Analysis System (SAS Institute, Cary, NC) (31) . The analyses used descriptive statistics, Spearman correlation coefficients, analysis of variance (ANOVA), and the Tukey honest significance difference (HSD) tests. A nested random effects ANOVA model assessed factors affecting both indoor and outdoor concentrations, where either indoor or outdoor particle concentrations served as the dependent variable. Independent variables included season, home, sampling day nested within home, and hour. Home and sampling day were modeled as random effects, whereas season and hour were modeled as fixed effects. Data collected in home S1 were excluded from the analysis because of instrument malfunction resulting from radiofrequency interference from a television tower. This interference affected the CPC's ability to control the rod voltage of the electrostatic classifier. As a result, analyses were conducted using data on only three homes (WS 1, WS2, and S2).
SMPS and APS data were divided into four particle size ranges (0.02-0.1, 0.1-0.5, 0.7-2.5, and 2.5-10 pm) for the analyses.
Previous laboratory and field tests show that the SMPS measures up to 0.5 pm (32) , whereas the APS measures typical ambient aerosols beginning at approximately 0.7 pm (33) . These size intervals result in a gap in concentration data from 0.5 to 0.7 pm. The SMPS data (0.02-0.5 tim) were divided into size fractions of 0.02-0.1 and 0.1-0.5 pm to analyze the ultrafine particles (< 0.1 pm) separately, whereas APS data (0.7-10 pm)
were divided into size fractions of 0.7-2.5 and 2.5-10 pm to isolate the coarse fraction (2.5-10 pm).
For the SMPS and APS data, average hourly indoor and outdoor concentrations were computed using 5-min measurements, with indoor averages based on data collected at 0-, 5-, 10-, 20-, 25-, 30-, 40-, 45-, and 50-min intervals of each hour. Outdoor averages were calculated using the 15-, 35-, and 55-min interval data. Indoor-outdoor ratios were computed as the average 1 5-min indoor period divided by the preceding 5-min outdoor interval.
Results
Overview of indoor and outdoor particle concentrations. A summary of the indoor and outdoor particulate concentrations from the various sampling methods is presented in Table 1 . The range of indoor concentrations tended to be broader than that for the corresponding outdoor size fractions, reflecting the contribution of indoor sources to these particle sizes. This is particularly evident for PM 0:02-0.1X PM( .1-0.5) and PM In addition, the range in the 12-hr integrated indoor measurements is much smaller than that of the 1-hr measurements because of the longer averaging time, which may mask the (Table 2) . These homes were not air conditioned, had no pets, generally had little carpeting, and all were located within 100 yards of a busy street. Two homes were heated by oil, the other by natural gas. Additionally, natural gas cooking fuel was used in two homes, whereas electricity was used in the third. Correlation analysis of housing characteristics in relation to mean indoor particle concentrations did not identify specific housing characteristics associated with indoor particle concentrations, possibly because of the small number of homes sampled.
Air exchange rate. The home air exchange rate is one of the key factors influencing the impact of both indoor and outdoor sources on indoor concentrations. Air exchange rates ranged from 0.12 to 24.3 [PM(0.02-0.1) and PM(2.5-10)] may result from particle losses indoors from deposition as well as the generation of particles indoors from activities. Both processes can cause indoor concentrations to track less closely with outdoor concentrations. For ultrafine particles, deposition rates tend to be high because of Brownian diffusion, whereas coarse particles deposit by gravitational settling, with deposition rates increasing with the square of the particle diameter for particles > 1 pm (14) . Additionally, resuspension of coarse particles indoors is an important source of indoor particles, with the rate of resuspension increasing with particle size, for particles > 1 pm (13) .
Seasonal and interhome variability in indoor and outdoor particle concentrations. Results from the nested random effects ANOVA model showed that outdoor PM( 1-0 5) concentrations were significantly higher in the summer than in the winter (p < 0.0001). This is consistent with the formation of sulfate and other secondary particles from photochemical reactions. Sulfates account for 50-65% of summer fine particle mass in regions of the northeast United States (34, 35) PM(2.5-1o) levels also were significantly higher in the summer (p < 0.0001 and p < 0.01, respectively); the increased ultrafine particles may reflect the increased sulfate concentrations, whereas increases in PM (2.5-10) levels may result from increased resuspension of coarse particles due to the drier summertime ambient conditions or possibly to pollen. Neither indoor nor outdoor particle concentrations differed between homes in the random-effects model. This finding suggests that season may be a more important predictor of indoor particle concentrations than home type in this set of homes examined. However, indoor and outdoor particle concentrations varied significantly between days within a home for all indoor and outdoor particle sizes. This variability in indoor concentrations across days may be a function of both the diurnal variation of outdoor concentrations and indoor activities. Diurnal variability in indoor particle concentrations. Diurnal variability was investigated by examining differences in average hourly concentrations across the 24 hr of a day (a day was defined from 0000 to 2300), while accounting for effects of season, home type, and sampling day in the random effects ANOVA model. In this analysis, day was nested within home to adjust for sampling day for a given home. Differences in indoor concentrations between the 24 hr within a day were analyzed. Indoor PM(0 020 1) and PM(2 5-o0) differed significantly between hours of the day (p < 0.0001 for both size fractions), whereas no differences were observed for PM(T1-0.5) and PM(T.7-2.5)' demonstrating that coarse particles are easily resuspended as a result of people's activities, including walking (13, (37) (38) (39) . Impact ofsources on indoor particulate concentrations. The influence of indoor sources on particle concentrations was further investigated by identifying indoor activities, as recorded in the time activity diaries, that were associated with increases in particle concentrations. Indoor sources identified included cooking (oven cooking, sauteing, frying, and toasting), cleaning (dusting, vacuuming, and sweeping), and people moving around. Additionally, barbecuing outside the home was an important source of indoor particles (Table 3) . Each source emits particles of a specific size fraction (Table 3) Further evidence of the contribution of sources to specific particle sizes is seen in Figures 4-7 , which show the distribution of indoor particle concentrations over time from specific activities. Outdoor concentrations are presented as a means of comparison. From  Figures 4 and 5 it is evident that when the oven/burner is turned on, there is an increase in particle concentrations, and when the oven/burner is turned off there is an exponential decay. Oven cooking (Figure 4 ) contributes primarily to PM(0o02-0.5), whereas sauteing ( Figure 5 ) contributes to PM(07-10).
Smaller particles from oven cooking [PM(0.02-0.5)] may be produced from the emissions of gas-phase carbonaceous aerosols that condense and coagulate, whereas PM(0o7-10 from saute`ing may be generated from mechanical processes that produce liquid droplets. Similar plots are seen for cleaning and the movement of people: each activity contributed to the generation of PM(0.7-10) (Figures 6 and 7) from resuspension, which increases levels of particles > 1 pm (13) .
These findings are consistent with previous studies that have identified cooking, cleaning, and the presence of people as important contributors to indoor particle concentrations (11) (12) (13) 19, (39) (40) (41) . However, Table 3 indicates that there is tremendous variability in the contribution of a given source type to indoor particle levels. This variability may be primarily attributed to source emission characteristics, such as oven temperature or the type of food cooked, as well other factors, including air exchange rates, outdoor concentrations, and other indoor sources. Additionally, repeated activities in a sampling period tended to be few because activities in this study were conducted by homeowners, and no efforts were made by field technicians to perform scripted activities. However, what is important is the contribution of these activities to short-term peak indoor volume concentrations-concentrations that are 2-33 times higher than background or outdoor concentrations, and which may be obscured with integrated measurements. Size distribution of indoor particle sources. The particle size distribution of indoor sources provides insight into the processes by which particles are generated as well as their fate indoors. Particles from oven cooking, toasting, and barbecuing are produced from combustion processes, generating particles with volume median diameters (VMD) ranging from 0.13 to 0.25 pm.
Activities, including sauteing, frying, cleaning, Volume 108, Number 1, January 2000 * Environmental Health Perspectivesand the movement of people produce larger particles (VMDs from 3 to 4.3 pm), with particles produced from mechanical processes. Figure 8 shows the size distributions of oven cooking and sauteing, with the VMDs of each event plotted over time to demonstrate the impact of indoor sources on indoor particle size distributions. The transformation in the particle size distribution resulting from oven cooking is observed: when the oven is turned on and the temperature increases, gases and particles are released, with smaller particles decreasing the VMDs. As the aerosol ages, gases begin to condense and particles coagulate, leading to an increase in volume median diameters once the oven is turned off. An examination of the number concentrations over time from this oven cooking event, from when the oven is turned on until it is turned off (Figure 9 ), also showed evidence of coagulation; number concentrations decreased as the aerosol aged, whereas the number median diameter (NMD) increased. The pattern in the formation and growth of particles, observed in Figure 8 , is consistent for different oven cooking events (Figure 10 ) as well as in the generation and growth of particles from toasting, barbecuing, and frying. The pattern similarity indicates that the mechanism by which these particles is formed is similar. Figure 8 also shows the transformation in particle size distribution that results from sauteing, with VMDs increasing when sauteing is begun. After formation, these particles settle rapidly, as evidenced by the decreasing VMDs. The generation and fate of the larger particles (VMD = 3-4 pm) produced from sauteing contrast strongly with the smaller particles (VMD = 0.15-0.25) from oven cooking. Larger particles are produced and deposited rapidly by gravitational settling, while the smaller particles coagulate and are removed more slowly: at this small size range no particle loss mechanism dominates the removal process.
Influence ofair exchange rate on indoor particle concentrations. Air exchange rates influence the residence time of particles and correspondingly the impact of sources of indoor and outdoor particles in the home. The relationship between air exchange rates and indoor concentrations is shown in Figure  11 , with hourly indoor-outdoor ratios versus air exchange rates plotted for the four particle size fractions. Lower air exchange rates (< 1 exchange/hr) result in longer air residence times and allow more time for particle concentrations from indoor sources to increase, leading to elevated indoor concentrations ( Figure 11 ). In fact, when air exchange rates were < 1, 41, 31, 22 , and 18% of the data points for the PM(0.02-0.1)' PM(0.1-0.5)' PM(0.7-2.5), and PM(2.5-iO) indoor-outdoor ratios, respectively, were > 1, as compared to only 11, 11, 7 , and 5%, respectively, when air exchange rates were > 1. The majority of the elevated concentrations are due to particles with diameters between 0.02 and 0.1 pm and between 0.1 and 0.5 pm that were generated by cooking. These results are consistent with other findings showing that lower air exchanges correspond to an increase in indoor particle concentrations due to either activities or to resuspension of particles (371.
The influence of air exchange rates on indoor concentrations is also evident from indoor and outdoor concentrations plotted m a cm longitudinally in time (Figures 12 and 13) . and 0.54, respectively). This may be due to the higher deposition rates of larger particles (PM(0o7 10))' with losses resulting from gravitational settling. Activities were occurring in the home, including two people eating breakfast (no cooking) and walking around, and field technicians arriving to collect samples; however, the impact of these activities on particle concentrations is not evident. 
Conclusions
The sampling manifold used in conjunction with continuous particle measurement techniques serves as an innovative method to sample particles in real time. This sampling scheme collects indoor and outdoor particle size distribution data that, when coupled with source and air exchange rate information, provides for a better understanding of the dynamic nature of indoor particles in homes.
The primary activities associated with particle generation were cooking (oven cooking, toasting, sauteing, frying, barbecuing), cleaning (dusting, sweeping, vacuuming), and the movement of people. Fine particles were produced primarily from oven cooking, toasting, and barbecuing; coarse particles were generated from sauteing, cleaning, and the movement of people. Frying contributed to the generation of fine and coarse particles. The contribution of cooking to indoor particle levels is consistent with findings from the PTEAM (12) study, which estimated that cooking contributed 4.1 ± 1.6 mg/min to PM1O, with 40% of this contribution in the fine fraction (12) . Cleaning and the movement of people were important sources of coarse particles because minimal activity is required to resuspend a small proportion of the total material available for resuspension (13) . The size of the particles generated by these activities reflected their formation processes. Combustion processes (oven cooking, toasting, and barbecuing) produced fine particles and mechanical processes (sauteing, frying, cleaning, and movement of people) generated coarse particles. These activities increased particle concentrations by many orders of magnitude higher than outdoor levels and altered indoor size distributions. Integrated measurements were unable to capture these more subtle changes.
Air exchange rates influence indoor and outdoor partide concentrations and size distributions through their impact on particle residence time. Lower air exchange rates (< 1 exchange/hr) corresponded to elevated particle concentrations as a result of the longer air residence times that allowed the accumulation of particles from indoor sources. This effect was most evident for PM(0.02-0 1) and PM(0 1-0 5) concentrations from cooking. At these lower air exchange rates, the influence of outdoor particle concentrations on indoor levels was minimal because particle deposition rates were high. In contrast, when air exchange rates were high (> 1 exchange/hr), the impact of indoor sources on indoor particle levels was less pronounced. Outdoor particle concentrations tracked closely with indoor levels, with differences in indoor and outdoor concentrations attributed to variability in deposition rates.
Additionally, air exchange rates influenced indoor fine and coarse particle size Air exchanee rabs (exchanges/hr) Figure 14 . Indoor-outdoor ratios of volume median diameters versus air exchange rates for PM(0.02-0.5) and PM<07-10) in each home. Data are based on hourly averages. Scatter plot includes data from 0100to 0400 only. from diffusion and gravitational settling. Higher air exchange rates may also have contributed to resuspension ofcoarse partides.
These data demonstrate the complexity of factors affecting indoor particle size and concentrations. They also emphasize the need for further research to understand sources and sinks of indoor partides, induding examining the ability of partides to penetrate the building envelope as well as differences in deposition rates for varying partide sizes. Modeling of source emission, deposition, and penetration rates for various particle sizes will contribute to a more complete understanding of indoor particle sources and their size distributions. Determination of these parameters will help to better quantify the contribution of indoor sources to indoor particle size and concentrations.
